Background: Proteins generally require the YidC and SecYEG machineries for membrane insertion. Results: The specific features of membrane protein sequences determine YidC/SecYEG requirements for insertion.
We have investigated the features of single-span model membrane proteins based upon leader peptidase that determines whether the proteins insert by a YidC/Sec-independent, YidConly, or YidC/Sec mechanism. We find that a protein with a highly hydrophobic transmembrane segment that inserts into the membrane by a YidC/Sec-independent mechanism becomes YidC-dependent if negatively charged residues are inserted into the translocated periplasmic domain or if the hydrophobicity of the transmembrane segment is reduced by substituting polar residues for nonpolar ones. This suggests that charged residues in the translocated domain and the hydrophobicity within the transmembrane segment are important determinants of the insertion pathway. Strikingly, the addition of a positively charged residue to either the translocated region or the transmembrane region can switch the insertion requirements such that insertion requires both YidC and SecYEG. To test conclusions from the model protein studies, we confirmed that a positively charged residue is a SecYEG determinant for the endogenous proteins ATP synthase subunits a and b and the TatC subunit of the Tat translocase. These findings provide deeper insights into how pathways are selected for the insertion of proteins into the Escherichia coli inner membrane.
In Escherichia coli, inner membrane proteins generally require the YidC and SecYEG machineries to insert into the inner membrane (1), although some proteins can insert independently of YidC and the Sec machinery via an unknown insertion mechanism. For example, KdpD does not require YidC or SecYEG for insertion into the inner membrane (2) , and a variant of the Pf3 coat protein with a very hydrophobic TM 2 segment can insert into protein-free lipid vesicles (3) . SecYEG and YidC can work independently or in concert to catalyze insertion. A fundamental question addressed here is what features of the primary sequence of a membrane protein determine its insertion pathway. Although others (3) (4) (5) (6) have addressed this question in various systems, there has not been a systematic study, especially of single-span membrane proteins. We have used a set of model single-span membrane proteins engineered from leader peptidase (Lep) to examine systematically how the charge compositions of transmembrane and translocated segments affect selection of the insertion pathway.
The Sec translocase is composed of the translocation channel SecYEG and several accessory components: SecA, SecDFYajC, and YidC (1, 7) . The SecA ATPase catalyzes protein translocation and membrane insertion using a ratchet mechanism to move hydrophilic domains across the membrane (8) . SecDF facilitates protein export (9) and membrane protein insertion (10) , most likely as a chaperone, by binding to the emerging translocating domain of the inserting protein (11, 12) . In this fashion, SecDF promotes the forward movement of the translocated region and prevents its backward movement. YidC can catalyze the insertion of proteins independently and in conjunction with the Sec machinery. The Sec-dependent F 0 a (subunit a of the F 1 F 0 -ATP synthase) (13) (14) (15) , CyoA (16 -18) , and NuoK (4) are strictly dependent on YidC for membrane insertion. YidC also acts as a chaperone in the folding of the Sec-dependent LacY (20) and MalF proteins (21) .
Some proteins require only YidC for insertion into the inner membrane. In this pathway, YidC acts as an insertase independently from the Sec translocase. Although a portion of YidC is associated with the Sec translocase (12, 22) , much of it is free from the Sec machinery, because it is much more abundant than the SecYEG translocation channel (23) . The YidC that is free of the Sec apparatus can mediate independent membrane protein insertion. Known substrates of YidC that are Sec-independent include subunit c of the F 1 F 0 -ATP synthase (13, 14, 24, 25) , MscL (26) , the M13 procoat protein (27, 28) , and Pf3 coat protein (29) . Whereas MscL is targeted to the membrane in a signal recognition particle (SRP)-dependent manner (26) , subunit c (for a different view, see Ref. 24 ), M13 procoat, and Pf3 coat do not require SRP (14, 25, 30, 31) .
These observations raise important questions about the features of membrane proteins that determine whether a protein inserts by a YidC/Sec-independent mechanism, by YidC only, or by both the YidC and the Sec pathway. Are translocase requirements connected to the overall hydrophobicity of TM helices of a substrate, or are the requirements related to charged residues within TM anchors or translocated domains, as observed in some cases (10) ? The membrane-protein substrate features that determine whether a protein requires YidC for insertion have been controversial. One possibility is that YidC is required for the insertion of proteins when negatively charged residues are present in the TM segments but not when positively charged residues are present (4). Another possibility is that YidC is required for insertion of membrane proteins that have an unfavorable distribution of positively charged residues around the TM segments (5) . A third possibility is that YidC is required for insertion of proteins with a weakly hydrophobic TM segment, because increasing the hydrophobicity of the TM segment of the YidC-dependent Pf3 coat protein allows this protein to insert by the autonomous pathway (3).
To expand our understanding of the determinants of insertion pathway selection, we systematically examine in this paper the features of model single-span membrane proteins that determine which translocation pathway is required for membrane insertion. Although Price and Driessen (4) found that negative charges in two TM segments of NuoK determined the YidC dependence of NuoK, we show that the addition of a negative charge to a TM segment or periplasmic segment requires YidC, whereas the addition of a positive charge imposes a requirement for both YidC and SecYEG. In addition, although Gray et al. (5) observed that YidC is required for proteins that have a topology with an unfavorable positive inside rule, we find that charged residues within proteins that have a favorable positive inside rule are also YidC determinants. Looking beyond the model single-span proteins, we found that positively charged residues can also function as Sec determinants for the endogenous proteins subunits a and b of the ATP synthase and the TatC subunit of the twin-arginine translocase. 35 S]cysteine, 1000 Ci/mmol, was from PerkinElmer. Antisera to leader peptidase (anti-Lep) and outer membrane protein A (anti-OmpA) were from our own laboratory collection. Antiserum to the T7 tag was from Invitrogen.
EXPERIMENTAL PROCEDURES
Site-directed Mutagenesis, Molecular Biology Techniques, and Plasmids-The techniques described previously (32) were used for DNA manipulations. Site-directed mutations were made by the QuikChange method. DNA sequencing of the entire gene verified all mutations. Pf3-LepTM, subunit a-LepTM, Pf3-aTM, and a-aTM were cloned into the IPTGinducible pMS119 vector. pMS119 was used to express these proteins in the JS7131 strain. The pLZ1 vector containing the RSF origin, T7/lacUV5 promoter, and kanamycin resistance was constructed in the previous study (33) and used to express various protein derivatives in CM124. F 0 a and TatC genes were amplified from E. coli (K-12) genomic DNA and fused at the 3Ј-end of the DNA with a DNA fragment encoding the LepP2 domain (residues 223-323) of leader peptidase. The coding regions of F 0 a-LepP2 and TatC-LepP2 were subcloned into the expression vector pLZ1 using the restriction sites for the NcoI and EcoRI enzymes.
Strains and Growth Conditions-JS7131, the E. coli YidC depletion strain, and MC1060 are from our collection. CM124, the SecE depletion strain, was received from Beth Traxler and has been described (34) . yidC and secE genes in the JS7131 and CM124 strains are under the control of the araBAD promoter.
JS7131 cells are cultured at 37°C for 3 h in LB medium with 0.2% arabinose (YidC expression conditions) or 0.2% glucose (YidC depletion conditions) (27) . The SecE depletion strain CM124 was cultured in M9 medium supplemented with 0.4% glucose (SecE depletion conditions) or 0.2% arabinose plus 0.4% glucose (SecE expression conditions) (34) . Prior to induction of the plasmid-encoded proteins in JS7131 and CM124, the medium was exchanged into M9 medium (35) containing 0.5% fructose and 50 g/ml of each amino acid except methionine and shaken for 30 min at 37°C.
Protease Accessibility Studies-Expression of the constructs was induced by 1 mM IPTG (final concentration) for 3 min. Cells were labeled with [
35 S]methionine for 1 min and converted to spheroplasts (36) . Briefly, the pulse-labeled cells were collected by centrifugation and resuspended with spheroplast buffer (33 mM Tris⅐HCl, pH 8.0, 40% (m/v) sucrose). The resuspended cells were treated with 1 mM EDTA (pH 8.0) and 5 g/ml Lysozyme on ice for 15 min. An aliquot was then incubated with protK (0.75 mg/ml) for 1 h on ice, and then the protease reaction was quenched by the addition of 5 mM PMSF for 5 min. An equal volume of 20% (m/v) TCA buffer was added to the solution and incubated on ice for another 1 h. The total protein was then spun down at 14,000 ϫ g for 10 min and washed with 1 ml of ice-cold acetone. The protein pellet was then solubilized with Tris-SDS buffer (10 mM Tris⅐HCl, pH 8.0, 2% (m/v) SDS). The samples were immunoprecipitated with antiserum to leader peptidase, which precipitates the Lep derivatives, or precipitated with antiserum to OmpA. For the SecAdependent studies, cells were treated with 3 mM (final concentration) sodium azide for 5 min prior to labeling. For the proton motive force (pmf)-dependent studies, the cells were pretreated with 50 M (final concentration) CCCP for 45 s prior to labeling of the cells. The samples were analyzed by SDS-PAGE and phosphorimaging.
Western Blotting-E. coli strains Wam121, JS7131, and CM124 were grown for various times (Wam121 for 3 h, JS7131 for 3 h, and CM124 for 8 h) in the presence of arabinose or glucose at 37°C. The cells were then collected by centrifugation and washed with ice-cold PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 (pH 7.4)). After normalizing the cells to A 600 of 1.2, the cell samples (1 ml) were pelleted, washed, and dissolved in 100 l of SDS gel loading buffer, and 2 l of the protein samples were loaded on a 15% SDSpolyacrylamide gel. Ffh and YidC were analyzed by a Western blot using the total protein. To analyze the protein expression of SecY, membrane vesicles were prepared from the 1 ml of cells grown in arabinose and glucose conditions, adjusted to A 600 ϳ1.2, respectively. The membrane vesicles were then solubilized in DDM buffer (20 mM Tris-HCl (pH 8.0) and 1% n-Dodecyl ␤-D-maltoside) and the proteins resolved on the 15% SDS-polyacrylamide gel. Antisera to Ffh, YidC, and SecY (each diluted 1:5000) and secondary antibody (goat-to-rabbit IgG horseradish peroxidase, 1:10,000) were used for the Western blot.
Supplemental Fig. S1 examines the YidC and Sec dependence of key mutants in which the H2 and H3 segments of the Lep domain were deleted. Supplemental Fig. S2 shows the SecA and SRP dependence of key mutants.
RESULTS
To examine the features of a membrane protein that determine which translocase is required, we studied four single-span model membrane proteins (Fig. 1A) based upon E. coli Lep. The model proteins differ only in the translocated N-terminal region (N-tail) or the TM segment. The constructs have twopart names; the first part represents the N-tail region, and the second represents the TM segment (Fig. 1B) . The Pf3-LepTM construct contains the Pf3 coat periplasmic N-tail fused to Lep. To prevent translocation of Lep TM2, we introduced a single arginine after TM2, which has previously been demonstrated to prevent it from functioning as a TM segment (37) . The Pf3-aTM and a-aTM constructs both contain TM1 of subunit a of the F 1 F 0 -ATP synthase (referred to here as F 0 a) but different N-tails; Pf3-aTM has the Pf3 N-tail fused to F 0 a TM1, and a-aTM has both F 0 a N-tail and the F 0 a TM1 domain. All of the constructs contain Lep residues 23-323 plus the Arg at the C terminus of TM2. These constructs simplify topology assays using protK, because only the N-tails are translocated. To assay the insertion pathways of the constructs, we used YidC-and SecE-depleted E. coli strains.
YidC dependence of membrane insertion was assayed using the YidC depletion strain JS7131, which has the yidc gene under the control of the araBAD promoter (27) . Membrane insertion was studied under YidC depletion conditions by growing the bacteria in growth medium supplemented with glucose. JS7131 cells expressing different protein constructs were labeled with [ 35 S]methionine for 1 min under YidC expression (0.2% arabinose) and YidC depletion conditions (0.2% glucose). They were then analyzed by the protease accessibility assay (38) . JS7131 cells were converted to spheroplasts to allow access to the inner membrane and then treated with protK for 60 min. To determine the Sec dependence of the various constructs, we used CM124, the SecE depletion strain (34) . It is well established that proteins requiring the SecYEG machinery are strongly inhibited in this strain when SecE is depleted, whereas Sec-independent proteins are unaffected. CM124 cells expressing the model proteins were labeled with [ 35 S]methionine for 1 min under SecE depletion conditions (SecEϪ), and protease mapping was carried out as described for JS7131.
For all experiments reported here, we used the protease degradation of OmpA as a positive control for efficiency of spheroplast formation because OmpA is not digestible in intact cells. It can, however, be digested from the periplasmic side of the membrane in properly prepared spheroplasts. OmpA was completely digested in all the protKϩ studies, showing that the cells were converted to spheroplasts ( Fig. 2A, right) . These positive controls are included for all data presented in Fig. 2 .
All of the Model Membrane Proteins Are Targeted via the SRP Pathway-Because of the possibility that the targeting pathway might differ among the model proteins, we first established that all were targeted via the SRP pathway. In bacteria, SRP is composed of the protein component Ffh and a 4.5 S RNA. To test whether SRP is required for targeting, we used Wam121, the SRP depletion strain. Wam121 contains Ffh under the control of the araBAD promoter similar to the depletion strains described earlier. As can be seen, Pf3-LepTM, a-aTM, a-LepTM, and Pf3-aTM insert efficiently under Ffhϩ conditions ( Fig. 2A) . In contrast, insertion is inefficient under FfhϪ conditions, indicating that SRP is required for membrane targeting and insertion of all model proteins. As a positive control, we confirmed that the SRP-dependent construct a-P2 (composed of F 0 a with residues 223-323 of Lep attached) (14) is strongly inhibited under Ffh depletion conditions. As a negative control, we confirm that Ffh depletion does not affect the chemical amounts of YidC and SecY, both of which require Ffh for membrane targeting (Fig. 2D, left) . These results show that the different translocase requirements described below were not due to different targeting requirements; all are targeted using the SRP pathway.
The N-tail and TM Segment Are Determinants of Translocase Requirements-We first examined the insertion pathways of Pf3-LepTM and a-aTM. The 35 S-labeled Pf3-LepTM inserted efficiently under YidC depletion conditions (39) , whereas a-aTM was blocked (Fig. 2B) . Only a small amount of the shifted band was observed for a-aTM, with mainly the fulllength protein detected upon the addition of protK, whereas only a shifted band due to cleavage of the N-tail was seen with Pf3-LepTM (Fig. 2B) . The difference in the YidC dependence of Pf3-LepTM and a-aTM suggests that YidC determinants are present in the N-tail or TM segment of the proteins. To examine this idea further, we determined the YidC dependence of a-LepTM, in which the F 0 a N-tail replaces the Pf3 N-tail preceding Lep TM1. Remarkably, a-LepTM requires YidC for translocation of the N-tail domain (Fig. 2B ) because the protein is resistant to protK digestion under YidC depletion conditions but not under YidC-expression conditions. This indicated that the N-tail domain of F 0 a contains a YidC pathway determinant. We also tested the membrane insertion requirements of Pf3-aTM with the Pf3 coat tail attached to the F 0 a TM segment. Translocation of the N terminus of Pf3-aTM also required YidC (Fig. 2B) , showing that the F 0 a TM1 segment contains a YidC pathway determinant as well. As a negative control, we confirmed by Western blotting that YidC depletion did not affect the level of Ffh or the amount of SecY (Fig. 2D, middle) .
How do the differences between the constructs affect SecYEG pathway dependence? We found that the YidC-independent construct Pf3-LepTM was also independent of SecYEG because insertion was unaffected by SecE depletion (Fig. 2C) ; protK digestion completely converted the radiolabeled Pf3-LepTM protein to a shifted band under SecE depletion conditions. As controls, we show that the Sec-independent Procoat-Lep is unaffected by SecE depletion, and the Sec-dependent pro-OmpA accumulated in the precursor form in the cytoplasm under SecE-depleted conditions and as a result was protK-resistant ( Fig. 2C, right) . Note also that a Western blot study shows that SecE depletion does not affect the amount of Ffh or levels of the Sec-dependent YidC protein (Fig. 2D, right) . Similarly, the YidC-dependent construct Pf3-aTM also inserted by a Sec-independent process (Fig. 2C ). On the other hand, a-aTM and a-LepTM were inhibited when SecE was depleted, suggesting that these constructs require the Sec translocase to be inserted efficiently (Fig. 2C ). We concluded that YidC acting alone cannot translocate the F 0 a N-tail; SecYEG is required for translocation, suggesting that F 0 a N-tail possesses a Sec substrate determinant.
The Charge Composition of Periplasmic Tails Can Change the Insertion Requirement from YidC-independent to
YidCdependent-The N-tail of a-LepTM contains one positively and four negatively charged residues, whereas the N-tail of Pf3-LepTM contains only two negatively charged and no positively charged residues (Fig. 1, A and B) . The former is YidC-dependent, and the latter is YidC-independent. Could the differences in N-tail charge composition account for the differing YidC requirements?
To test whether negatively charged residues in an N-tail can function as a YidC substrate determinant, we added additional negative charges to the Pf3-LepTM N-tail by substituting negatively charged residues for non-polar ones. When JS7131 cells expressing the Pf3-LepTM(V4E) or Pf3-LepTM(V15D) were grown under YidC depletion conditions, membrane insertion of the proteins was blocked (Fig. 3) . As can be seen, protK digestion of the N-tail is inhibited under YidC depletion conditions but not under YidC expression conditions, indicating that the addition of one negatively charged residue to the N-tail caused Pf3-Lep insertion to become YidC-dependent. The double mutant Pf3-Lep(V4E/V15D) was also YidC-dependent for membrane insertion (Fig. 3) . Were the results due to charge polarity (net negative) or to the total amount of charge? To answer this question, we replaced the non-polar valines at positions 4 and 15 with the positively charged residues Arg and Lys. As observed for the negative charge mutants, Pf3-LepTM(V4R) and Pf3-LepTM(V15R) became YidC-dependent (Fig. 3) . Fig. 3 also shows that Pf3-LepTM(V4K) and Pf3-LepTM(V15K) also caused Pf3-Lep to become YidC-dependent for insertion. However, the double positively charged mutant Pf3-LepTM(V4R/ V15R) (Fig. 3) was blocked in membrane insertion under YidCexpression conditions, perhaps as a result of positive inside rule (40 -43) .
Are these charge substitution effects due to the charge itself, or are they due simply to replacement of non-polar residues with polar ones? The charge itself is apparently important because we found that Pf3-LepTM(V4Q) and Pf3-LepTM(V15N) remained YidC-independent, as indicated by efficient insertion under YidC depletion conditions (Fig. 3) . We conclude that the charge composition of the N-tails of our single-span model membrane proteins can affect their YidC dependence. Another difference between the F 0 a and Pf3 N-tails is their length (Fig. 1B) . Whether length plays a role requires further study, as does the distribution of the charges along the N-tails.
The Sec Translocase Is Required to Translocate the N-tail of a Protein When Positively Charged Residues Are Introduced-
The Pf3-LepTM constructs with a positively charged residue introduced into the N-tail became YidC-dependent. Intriguingly, these same constructs require, in addition, the Sec machinery for translocation, whereas the constructs with a negatively charged residue introduced do not (Fig. 4) . Pf3-LepTM(V4R) and Pf3-LepTM(V15R) are strongly inhibited in membrane insertion under SecE depletion conditions. A similar result was obtained for Pf3-LepTM(V15K). However, there is a limit to the number of positively charged residues that can be translocated because the double-arginine mutant Pf3-LepTM(V4R/V15R) was blocked in membrane insertion even under SecE expression conditions (Fig. 4) . Because this same construct was also blocked under YidC expression conditions, the double arginine is a powerful inhibitor of insertion in general, possibly because of the positive inside rule.
In contrast to these positive residue results, the negatively charged mutants Pf3-LepTM(V4E), Pf3-LepTM(V15D), and Pf3-LepTM (V4E/V15D) did not require the Sec machinery for efficient insertion (Fig. 4) . These results may explain why the constructs a-aTM and a-LepTM require the Sec translocase for efficient insertion (Fig. 2C) ; the F 0 a N-tail region has one positively charged residue, Arg-24, in addition to four negatively charged ones (Fig. 1A) . To test whether the arginine at position 24 makes these constructs Sec-dependent, we mutated the arginine to an alanine or aspartic acid. Fig. 4 shows that a-aTM(R24A) inserts very efficiently under SecE depletion condition, whereas the a-aTM(R24D) mutant is less Sec-dependent than the wild-type protein. Similar results were found with the a-LepTM constructs. The a-LepTM(R24A) mutant is not Sec-dependent (Fig. 4) , showing that the arginine within the N-tail makes protein insertion Sec-dependent. Insertion of a-LepTM(R24D) (Fig. 4) Fig. 1B) . To test the effect of this Asp as a YidC determinant, we substituted an Ala for the Asp. Fig. 5A shows that the Asp residue within the TM segment is indeed important for YidC dependence because insertion of Pf3-aTM(D23A) is independent of YidC. As can be seen, the addition of protK leads to a Pf3-aTM(D23A)-shifted band under YidC depletion conditions. A similar result is seen with the Pf3-aTM(D23I) protein (Fig. 5A) . These results suggest that the presence of the Asp in the F 0 a TM segment signaled YidC dependence.
We next investigated whether the position of a negatively charged residue in the TM segment is important for YidC dependence. Starting with the Pf3-aTM(D23A) construct, we introduced an Asp at position 19, 27, 31, 35, or 39 within the TM segment (Fig. 5A) . In all cases, membrane insertion was YidC-dependent ( Fig. 5A ; compare YidCϪ and YidCϩ conditions). None of the constructs with negative charges were digested by protK under YidC depletion conditions, indicating that the position of the negatively charged amino acid is not a YidC determinant.
Possible explanations for the effect of Asp in the TM segment are that YidC dependence is determined by the sign of the charge or by the overall hydrophobicity of the segment. To test these possibilities, we performed arginine-scanning (Fig. 5B ) and asparagine-scanning mutagenesis (Fig. 5C ) within the TM segment of F 0 a. Fig. 5B shows that the Pf3-aTM mutants with arginine at position 19, 23, 27, 31, or 35 within the TM segment are YidC-dependent for insertion. These constructs are strongly resistant to protK digestion, demonstrating that YidC is strictly required for N-tail translocation when a positively charged residue is introduced into the TM segment. We also tested whether lysine substituted in the TM segment would also cause a change in YidC dependence. As can be seen, both Pf3-aTM(D23K) and Pf3-aTM(F27K) are YidC-dependent for insertion (Fig. 5B) . Therefore, the nature of the positive charge does not seem to be important for determining YidC dependence. Similar results are found for the asparagine positional scanning mutants (Fig. 5C) . No shifted band is observed upon the addition of protK to the 35 S-labeled cells under YidCϪ conditions (Fig. 5C ), but the asparagine mutants are inserted efficiently when YidC is expressed. Taken together, the results suggest that YidC is needed to insert a membrane protein when the polarity of the TM segment is increased with charged or very polar residues. This conclusion is generally supported by the hydrophobicity values of the TM segments shown in Table 1 that were computed using the translocon-based apparent free energy (⌬G app ) scale (44) . Except for the T19R, the ⌬G app values are more positive (less hydrophobic) relative to the D23A mutant.
FIGURE 5. Aspartic acid, arginine, and asparagine scanning of the TM segment of Pf3-aTM. JS7131 expressing different plasmids was analyzed for N-tail translocation using the protease mapping assay described in the legend to Fig. 2. A, for the aspartic acid scanning study, the plasmids encoded the protein Pf3-aTM D23A, D23I, T19D, F27D, L31D, F35D, or F39D. The negatively charged mutants were made using Pf3-aTM D23A as a template. B, for the arginine scanning study, JS7131 expressing different plasmids was grown under YidC plus or YidC minus conditions, labeled with [
35 S]methionine, and analyzed using the protease-mapping assay, as described under "Experimental Procedures." The plasmids expressed the proteins Pf3-aTM T19R, D23R, F27R, L31R, F35R, D23K, and F27K. Except for the D23R and D23K constructs, these mutants were made in the D23A background. C, for the asparagine scanning study, JS7131 expressing different plasmids was analyzed by protease mapping, as described in the legend to Fig. 2 . The plasmids expressed the proteins Pf3-aTM D23N,  F27N, L31N, and F35N . Except for the D23N construct, the mutants were made in the D23A background. Representative OmpA data are shown at the bottom of A-C.
The Addition of a Positively Charged Residue to the TM Segment Switches Insertion from YidC/Sec-independent to
YidC/Sec-dependent-Because both the Sec translocase and YidC are required to translocate an N-tail region with a positive charge, we next tested whether the Sec machinery is also required for membrane insertion when a positively charged residue is added to the TM segment. Fig. 6A shows that membrane insertion of Pf3-LepTM(A23R) with arginine substituted for aspartate at position 23 is strongly inhibited when SecE is depleted, whereas Pf3-LepTM(A23I) and Pf3-LepTM(A23D) insert efficiently, suggesting that the Sec machinery is only needed for insertion of the LepTM when a positive charge is present. To confirm this idea, we examined further the effect of a negatively charged residue on Sec dependence. Insertion of Pf3-aTM with a negatively charged residue at position 19 (T19D) or 23 (D23) used a Sec-independent mechanism (Fig.  6B) . However, the F27D, L31D, and F35D variants were slightly Sec-dependent (Fig. 6B) . As a control, we confirmed that the Sec-dependent OmpA is blocked under SecE-depleted conditions but fully translocated in SecE expression conditions. The combined study shows that the Sec translocase is strictly required for insertion of TM segments possessing a positively charge residue but generally is not needed for efficient insertion of TM segments with negatively charged residues.
Similar Sec-independent insertion results were found with Pf3-aTM when the aspartic acid at position 23 within the aTM domain was replaced with a hydrophobic or neutral polar residue as shown in Fig. 6A for Pf3-aTM(D23I), Pf3-aTM(D23A), and Pf3-aTM(D23N). As a control, we demonstrated that OmpA is translocated under SecEϩ conditions while blocked under SecEϪ conditions. Taken together with the YidCϪ data (Fig. 5) , these results show that Pf3-aTM inserts in a YidC/Secindependent manner when the TM segment is more hydrophobic, as with D23I or D23A substitution, whereas YidC alone is required with a neutral polar residue as with D23N substitution.
Strikingly, in every case, the Sec translocase is required to insert Pf3-aTM with a positively charged residue introduced within the TM segment. Insertion of the positively charged mutants (T19R, D23R, F27R, L31R, and F35R) was strongly inhibited under SecE depletion conditions (Fig. 6B) , showing that the effect of the positively charged residue on Sec dependence is independent of its position in the TM segment. Consistent with this result, we found that insertion of Pf3-aTM(D23K) and Pf3-aTM(F27K) was Sec-dependent (Fig. 6B) . Thus, the insertion of TM segments with either a lysine or arginine requires both the Sec machinery and the YidC insertase.
Proton Motive Force Is Generally Required for the YidC-dependent Proteins with Negatively Charged Residues in the Tail-
The inner membrane pmf has been shown to be an important ) of Pf3-aTM constructs were calculated using the D23A mutant as a basis (⌬G app of *D23A mutant ϭ Ϫ1.17). ⌬G app is the computed free energy of a TM segment from a Sec61 translocon to a dog pancreas microsomal membrane as described (44, 55) driving force for membrane protein translocation for some but not all proteins. For example, the inner membrane pmf is required for the translocation of the N-tail of YidC-dependent Pf3 coat (45) and F 0 a (14) but is not required for translocation of the amino terminus of the YidC-independent Pf3-Lep (39) . To test the pmf requirements of our model single-span proteins, cells expressing various constructs were induced with IPTG for 3 min and then treated with a 50 M concentration of the proton uncoupler CCCP for 45 s to dissipate the pmf prior to labeling the protein for 1 min. Fig. 7 shows that the YidC-dependent constructs a-aTM, a-LepTM, Pf3-aTM, Pf3-LepTM(V4E), Pf3-LepTM(V15D), and Pf3-LepTM(V4E/V15D), all with acidic tails, are pmf-dependent for insertion. However, pmfindependent insertion was observed with YidC-dependent Pf3-LepTM, which also contains an acidic tail (Fig. 7A) . In contrast, the pmf is not required for insertion for the YidC-dependent Pf3-LepTM(V4R) and Pf3-LepTM(V15R) that have a positively charged residue added to the N-tail region. Strikingly, the pmf can even impede the translocation of positively charged residues; the double arginine mutant Pf3-Lep(V4R/V15R), which is not inserted in the presence of the pmf, can insert when the pmf is collapsed (Fig. 7A) . This result reinforces the idea that the pmf impedes the translocation of positively charged residues, as was demonstrated with M13 procoat mutants (46) . To test whether the pmf inhibits or is not required for insertion of positive charges in the TM segment, we investigated Pf3-LepTM(A23R) and Pf3-aTM(D23R). Whereas the Pf3-aTM(D23R) mutant inserted better in the absence of the pmf, the YidC-dependent protein substrate Pf3-LepTM(A23R) inserted into the membrane independent of the pmf. These results show that the YidC dependence is not directly linked to the pmf dependence. In all cases, we found that the pmf-dependent OmpA is blocked in membrane insertion when the pmf is dissipated; pro-OmpA accumulates and is not digested by protK. The YidC/Sec-independent constructs Pf3-LepTM and Pf3-aTM(D23A) with "hydrophobic" TM segments insert independent of the pmf. The data of Fig. 7A suggest that the pmf can facilitate the translocation of a negatively charged residue and can inhibit the translocation of a positive residue.
Another explanation for the Sec dependence of positively charged mutant translocation is that the pmf inhibits insertion of the positively charged mutants by the YidC pathway and therefore requires the SecYEG channel for insertion. If this were the case, it is possible that insertion of the positively charged mutant would occur independent of the Sec translocase if the pmf were abolished. To test this hypothesis, we examined the Sec dependence of membrane insertion of Pf3-aTM(D23R) and Pf3-LepTM(V4R/V15R) when the pmf was abolished. As can be seen from Fig. 7B , the D23R mutant is still Sec-dependent when the pmf is dissipated. The Pf3-aTM(D23R), with a positively charged residue in the TM segment, inserts more efficiently under SecEϩ/pmfϪ conditions compared with the SecEϩ/pmfϩ conditions, as seen in Fig. 7B . However, even in the absence of the pmf, insertion is Sec-dependent. For Pf3-Lep(V4R/V15R) that has positively charged residues at the periplasmic tail, insertion cannot occur by a Sec-independent process when the pmf is abolished (Fig. 7B) . Whereas insertion occurs under SecEϩ/pmfϪ conditions (Fig.  7B) , insertion is blocked under SecEϪ/pmfϪ conditions, showing that translocation of the positively charged residues cannot occur by the YidC-only pathway and that the pmf inhibits Secdependent translocation. These results rule out the possibility that the membrane potential (⌬) could inhibit the translocation of positively charged residues by the YidC-only pathway and therefore make the protein Sec dependent for insertion. 35 S]methionine and analyzed by protease mapping as before. The plasmids expressed the YidC-dependent protein a-aTM, a-LepTM, Pf3-aTM, Pf3-LepTM V4R, Pf3-LepTM V4E, Pf3-LepTM V15R, Pf3-LepTM V15D, Pf3-LepTM V4R/V15R, Pf3-LepTM V4E/V15D, Pf3-LepTM A23R, Pf3-LepTM A23D, or Pf3-aTM D23R, or the plasmids expressed the YidC-independent protein Pf3-LepTM or Pf3-aTM D23A. B, E. coli CM124 cells containing the vector encoding Pf3-aTM D23R or Pf3-LepTM V4R/V15R were analyzed by the protease accessibility assay. CM124 cells grown under SecEϩ and SecEϪ conditions were treated with CCCP (50 M final concentration) for 45 s prior to pulse labeling to dissipate the pmf. Protease accessibility was analyzed as described in the legend to Fig. 2 . The Sec-dependent protein OmpA is shown as a control.
Positively Charged Residues in the Translocated Domains of Endogenous Proteins Can Function as Sec Determinants-Do
(F 0 b) of E. coli ATP synthase (13, 14) . They found that both proteins required YidC and the Sec translocase for insertion. F 0 a spans the membrane five times with its N-tail periplasmic and its C terminus cytoplasmic (14, 47); F 0 b spans the membrane once with its N-tail periplasmic (48) . The periplasmic N-tail and periplasmic loop P2 of F 0 a each contain a single Arg, which allowed us to test the hypothesis that positive charge is a determinant for translocation by SecYEG. Subunit b has a single TM helix at the N terminus with a single Lys residue that is predicted to be within the TM segment. Subunit b thus provides an opportunity to test the hypothesis that the Sec machinery is only needed for insertion of a TM segment when it contains a positive charge. In addition, the TatC protein (49, 50) with six TM segments (N and C termini in the cytoplasm) also provides an opportunity of testing the rules for pathway selection because of positively charged residues in periplasmic loop P1.
We made several mutants of F 0 a, which has one arginine (Arg-24) located in the 39-residue N-tail and one (Arg-140) in the 10-residue P2 loop. Translocation of the N-tail and the P2 loop can be monitored by protK digestion, whereas translocation of the P3 loop cannot because it is protease-inaccessible (14) . A tag LepP2 consisting of 103 residues of the P2 domain of leader peptidase was added at the C terminus of the protein so that the full-length protein and digested C-terminal fragments could be detected by immunoprecipitation. To determine whether the Arg residues were Sec determinants, we examined the translocation of the N-tail and the second periplasmic loop of F 0 a-LepP2 under SecEϩ and SecEϪ conditions. ProtK digestion of the F 0 a-LepP2 wild type under SecEϩ conditions gave rise to two shifted bands. The higher shifted fragment corresponds to digestion of the tail region, whereas the lower shifted fragment corresponds to digestion of the periplasmic loop 2 (see Fig. 8A, top) (14) . Under SecEϪ conditions, the amounts of A, E. coli CM124 cells bearing F 0 a-LepP2 WT, R24A, R140A, or the double R24A/R140A mutant were analyzed for insertion using the protease accessibility assay as described in the legend to Fig. 2 . Samples were immunoprecipitated with Lep or OmpA antiserum and analyzed by SDS-PAGE and phosphorimaging. The higher shifted fragment results from protK digestion within the N-tail, whereas the lower shifted fragment corresponds to protK digestion within the periplasmic 2 loop (see Ref. 14) . B, E. coli CM124 cells bearing the subunit b derivative (F 0 b, with a t7 tag at the N terminus of F 0 b) of F 1 F 0 -ATPase were examined by protease accessibility assay as described in the legend to Fig. 2 . The protein samples were immunoprecipitated with T7 monoclonal antibody (purchased from Invitrogen) or OmpA antiserum and then analyzed by Tricine-SDS-PAGE or SDS-PAGE, respectively. The band corresponds to the full-length F 0 b protein. The translocated T7 tag of F 0 b will be digested by protK and therefore it will not be immunoprecipitated by the T7 monoclonal antibody. C, E. coli CM124 cells bearing TatC-LepP2 proteins (WT or K51L/K73L) were analyzed for insertion by protK digestion for various time periods (min), as described in the legend to Fig. 2 . Samples were immunoprecipitated with Lep or OmpA antiserum and analyzed by SDS-PAGE and phosphorimaging. The higher shifted fragment results from the cleavage by protK at the first periplasmic loop of TatC-LepP2, whereas the lower shifted fragment is due to the cleavage by protK within the second periplasmic loop of TatC-LepP2. However, the third periplasmic loop is not proteinase-accessible.
shifted bands were markedly decreased, and the full-length protein was protected from protK digestion, confirming that translocation of the N-tail and the periplasmic loop 2 is Sec-dependent.
To test whether Arg-24 is a Sec determinant for N-tail translocation, we mutated it to Ala. If positive charges are Sec determinants, then the N-tail of the R24A construct should insert even under SecEϪ conditions. Fig. 8A shows that the fulllength F 0 a-LepP2(R24A) is completely digested under SecE depletion conditions, consistent with the loss of Sec dependence of N-tail translocation. The amount of the higher shifted band is similar to that produced under SecEϩ conditions, whereas very little of the lower shifted band is seen, because the periplasmic loop 2 presumably remains Sec-dependent. The dependence of periplasmic loop 2 on Sec was confirmed using a R140A mutant. In this case, the lower molecular weight band was detected, whereas the larger molecular weight fragment band was not. Finally, the F 0 a-LepP2(R24A/R140A) double mutant was found to be completely Sec-independent; bands with shifted fragments are identical for SecEϩ and SecEϪ (Fig.  8A) . The results show that positive charges in the translocated regions of a protein with five TM segments are Sec substrate determinants, as predicted by the results from the single-span model proteins.
We then used F 0 b to test the hypothesis that a positive charge in a TM segment is a Sec substrate determinant. Previously, Yi et al. (14) showed that F 0 b with a T7 tag (MASMTGGQQMG) at the N terminus requires YidC for insertion and that SecDF is needed for efficient insertion, suggesting that F 0 b inserts by the YidC/Sec mechanism. Excluding the T7 tag, MPEx (51) using the translocon scale predicts residues Ala-5 through Trp-26 of the N-terminal hydrophobic stretch to be a TM helix containing a Lys at position 23. To determine if Lys-23 is a Sec substrate determinant, we used a F 0 b(K23A) mutant. Translocation of the N-terminal T7 was assayed using protK digestion and immunoprecipitation with T7 antiserum. Fig. 8B shows that the WT protein with the T7 tag is Sec-dependent for insertion, because membrane insertion is inhibited in the SecE depletion strain, whereas it inserts efficiently under SecE expression conditions. In contrast, the N-tail of F 0 b(K23A) translocates across the membrane even under SecE depletion conditions, consistent with Lys-23 being a Sec substrate determinant.
Finally, we examined the Sec substrate determinants for TatC, which contains two positively charge residues (Lys-51 and Lys-73) in periplasmic loop 1. For determination of Sec dependence, we used TatC-LepP2 to allow precipitation of the protein using leader peptidase antiserum. Periplasmic loops 1 and 2 are sensitive to protK digestion, whereas loop P3 is protease-resistant (33) . Digestion only at the P1 loop leads to the production of a higher molecular weight fragment, whereas digestion at the P2 loop leads to the smaller protease-resistant fragment (Fig. 8C , top left, see 2 min protK time point). Fig. 8C shows that TatC-LepP2 (WT) is strongly inhibited under SecE depletion conditions but not under SecE expression conditions. The TatC-LepP2 (WT) is fully digested by protK after 10 min or longer times. Remarkably, although the wild-type TatC-LepP2 and TatC-LepP2(K51L/K73L) are fully inserted under SecE expression conditions, the mutant inserts more efficiently than the wild-type protein under SecE depletion conditions. In addition to the major fragment (digested by protK at periplasmic loop 2), the larger fragment (digested by protK at periplasmic loop 1) can also be seen at the 2 min, 10 min, and 30 min time points in both SecEϩ and SecEϪ conditions. These results show that both periplasmic loop 1 and loop 2 of TatCLepP2(K51L/K73L) are translocated efficiently under SecEϪ conditions, consistent with the F 0 a and F 0 b results. We conclude that positively charged residues can function as Sec determinants, even for endogenous membrane proteins.
DISCUSSION
We studied the translocase requirements of four single-span model membrane proteins (Fig. 1A) based upon N-terminal fusions of a periplasmic N-tail and a TM domain to the N terminus of the cytoplasmic loop preceding TM2 helix 2 of E. coli leader peptidase (called TM2-Lep). An Arg residue at the C terminus of TM2 prevented insertion of TM2 into the inner membrane and consequently translocation of the leader peptidase catalytic domain (see Refs. 36 and 37). We eliminated the possibility that the presence of the Lep TM2 in the models created a "frustrated" topology problem (52) that alters the translocase requirements of model proteins with charged residues by repeating key experiments using constructs lacking TM2 (supplemental Fig. S1 ). To examine sequence features that determine which translocase pathway the proteins used for insertion, we made mutations within the N-tail or the TM domain of each model protein.
We made two important observations about the role of charged residues. First, a positively or negatively charged residue added to the N-tail region of a model membrane protein can cause membrane insertion to be YidC-dependent. Second, a positively charged residue added to the N-tail or to the TM segment leads to insertion via by the YidC/Sec pathway, indicating that positively charged residues can act as a YidC/Sec determinant. This conclusion differs from that of Price and Driessen (4) , who showed that only negatively charged residues in TM segments of multispanning membrane proteins are YidC determinants. We found in every case, with no exceptions, that the model single-span proteins become YidC-dependent when a negative charge or a positive charge is added to either a translocated region or a TM segment. Gray et al. (5) observed that YidC is required for proteins that have a topology with an unfavorable positive inside rule. In contrast, for membrane proteins with a favorable positive inside rule, our results show that the YidC requirement is due to an added positive or negative charge.
Our results reinforce the important role of hydrophobicity in insertion pathway selection. Previously, Ernst et al. (3) showed that insertion of two hydrophobic residues into the TM segment allows the Pf3 coat protein to insert into the membrane in a YidC-independent manner, suggesting that YidC is required to insert a TM segment with low hydrophobicity. By making substitutions within a TM segment of fixed length by scanning mutagenesis, using aspartic acid, arginine, and asparagine, we found that the YidC requirement correlates with a decreased hydrophobicity of a TM segment, which strengthens the previous findings (3).
Neugebauer et al. (6) showed that adding an increasing number of negatively charged residues to the periplasmic loop of MscL, which spans the membrane twice with N and C termini in the cytoplasm, caused the protein to become progressively more dependent on SecYEG for membrane insertion. All of our single-span model proteins have negatively charged N termini located in the periplasm, yet their translocase requirements are quite variable (Fig. 1A) . Our results show that only when a positively charged residue is added to the N-tail or TM segment does the protein become Sec-dependent Figs. 4 and 6 . The Sec dependence of MscL with added positive charges was not investigated.
The observation that the positively charged residues in the N-tails (Fig. 4) were an important determinant of translocation requirements led us to examine more closely the role of positively charged residues in the TM segments. We found that SecYEG is strictly required along with YidC for the insertion of proteins with a positively charged residue in the TM segment but is not required with negatively charged residues (Fig. 6) . However, YidC alone suffices for insertion with negatively charged residues. It is possible that YidC is sufficient to translocate negative charges, because the pmf also contributes to the translocation process for negative charges. However, YidC by itself is insufficient to translocate positive charges, because the pmf impedes translocation for positive charges (Fig. 7) . This led us to test if translocation of positive charges could occur in a Sec-independent process when the pmf is abolished. Experiments using CCCP to discharge the pmf revealed that, even in the absence of a pmf, the insertion of a positively charged TM segment is SecYEG-dependent. Therefore, translocation of positively charged residues cannot occur by a YidC-only pathway even in the absence of the pmf.
Because of the possibility that the targeting pathway might be different among the four model single-span proteins and the possibility that the different translocase requirements of the positively and negatively charged constructs might have to do with the nature of membrane targeting, we confirmed that the four model proteins ( Fig. 2A) and key charged constructs (supplemental Fig. S2B ) are SRP-dependent for insertion. This shows that all of the proteins are delivered by the same targeting mechanism. Moreover, we confirmed that SecA (supplemental Fig. S2A ) facilitates membrane insertion to a small extent only for the SecE-dependent constructs.
Our studies of model membrane proteins clarified the translocase requirements of single-span membrane proteins. An important question was whether natural endogenous proteins follow the same rules. To examine this question, we used sitedirected mutagenesis to determine the effects of positively charged residues on Sec dependence using subunit a and subunit b of ATP synthase (F 0 a and F 0 b), and TatC. F 0 a spans the membrane five times with the N terminus periplasmic and the C terminus cytoplasmic (14, 47) ; F 0 b spans the membrane once with N-tail periplasmic (48) , and TatC spans the membrane six times with N and C termini in the cytoplasm (49, 50) . For the F 0 a protein, we found that the arginines in the N-tail and periplasmic loop 2, respectively, make F 0 a require SecYEG for insertion (Fig. 8A) . In the case of F 0 b, the Sec substrate determinant involves the positively charged residue in the TM segment, because removal of the positively charged residue results in Sec-independent insertion. Finally, the lysines within the periplasmic loop1 of TatC are Sec-dependent substrate determinants. These results indicate that positive charges are Sec determinants for endogenous proteins that span the membrane once or multiple times.
Recently it was shown by in vitro experiments that multispan membrane proteins can insert either by the YidC-only pathway or by the SecYEG pathway (53) . The authors suggested that the SecYEG-associated function of YidC is not essential for membrane insertion of TatC and mannitol permease. Our data showing that both YidC and the Sec translocase are strictly required for insertion of the positively charged mutants (Figs. 4  and 6 ) clearly show that a Sec/YidC pathway exists in bacteria.
We hypothesize that a membrane protein with a highly hydrophobic TM segment has the capability to insert by an autonomous (Sec-independent/YidC-independent) pathway because the hydrophobic force of TM1 is sufficient to drive membrane translocation across the membrane. Consistent with this hypothesis, Ulmschneider et al. (54) have shown by microsecond scale molecular dynamics simulations that polyleucine transmembrane segments with eight or more leucines can insert spontaneously. Another possibility with the highly hydrophobic TM segment is that the protein can use either the YidC-only or the Sec pathway. This would explain why, when YidC is depleted, insertion is not affected because it can go by the SecYEG pathway or, when SecE is depleted, the protein is inserted by the YidC insertase. The only way to distinguish between these possibilities would be to make the YidC/ SecYEG double depletion strain, which would be extremely challenging.
We have shown for the first time that positively charged residues are Sec determinants for endogenous proteins as well as single-span membrane proteins (Figs. 4, 6 , and 8). Evidently, both YidC and SecYEG must be surveying the elongating chain and acting cooperatively as the chain passes across the membrane. However, why both YidC and SecYEG are required for insertion of the positively charged mutants and YidC on its own can insert the negatively charged mutants is not clear. This is difficult to answer because we do not know how YidC and SecYEG talk with each other, and we do not have a YidC structure. 
